The invasion of Rickettsia tsutsugamushi, Gilliam strain, into guinea pig polymorphonuclear leukocytes (PMNs) and the localization and distribution of tracers were followed during the process by electron microscopy. The seven tracers used were: cationized ferritin, ferritin, thorium dioxide (ThO2), carbon particles, latex spheres, paraffin oil, and Escherichia coli. These markers were added to the incubation medium containing the PMNs before or simultaneously with R. tsutsugamushi-infected BHK-21 cells. Both morphologically intact and degenerating rickettsiae were present in the phagosomes in PMNs, but only the viable-appearing rickettsiae were free in the cytoplasm. The intact rickettsiae were singly and selectively phagocytized in tightly enclosed phagosomal membranes which usually excluded the tracers, except when ThO2 or ferritin was used. When ThO2, which labels the plasma membrane of PMNs, was used, ThO2-labeled phagosomal membranes enclosing rickettsiae were observed, and short membrane fragments still labeled with this tracer were found in the vicinity of rickettsiae in the cytoplasmic matrix of PMNs. When ferritin or ThO2 was used as a tracer, some of the phagosomes contained rickettsiae still enclosed in an envelope of BHK-21 cytoplasm and cell membrane. Phagolysosomes preloaded with electron-dense markers fused with subsequently formed phagosomes containing degenerated rickettsiae but not with those containing intact rickettsiae. These results support our interpretation that viable rickettsial entry into PMNs is by selective phagocytosis and escape from these phagosomes.
Although it is generally recognized that rickettsiae are obligatory intracellular microparasites that reside and propagate directly in the host cell cytoplasm, the mechanism of rickettsial entry is poorly understood. The pioneering work of Cohn et al. (2) showed that Rickettsia tsutsugamushi organisms enter mouse MBIII lymphoblasts actively when observed by light microscopy. Wisseman et al. (9) analyzed the kinetics of the infection cycle of Rickettsia rickettsii by light microscopy and interpreted their observations to indicate that there was considerable rapid, bidirectional traffic of these rickettsiae directly across the host cell plasma membrane. However, the morphology of this process was not examined ultrastructurally in either of these studies. Another mode of entry suggested by Wisseman and Waddel (10) is that the entry of Rickettsia prowazekii into cultured chicken embryo cells is by phagocytosis and the escape of rickettsiae from the phagosomes into the host cell cytoplasm. The ultrastructural study of rickettsial phagocytosis and entry by A. P. Andrese and C. L. Wisseman (Proceedings of the 29th t To whom reprint requests should be addressed.
Annual Meeting of the Electron Microscopy Society of America, p. 39, 1971) showed that human peripheral macrophages cultured in normal serum phagocytized Rickettsia mooseri which escaped from the phagosome and proliferated in the host cell cytoplasm. However, the detailed description analyzing the process of rickettsial entry was not presented in the short report.
An in situ study of the ultrastructural features of the infection cycle of R. tsutsugamushi in mouse peritoneal mesothelial cells by Ewing et al. (3) reported that rickettsiae protruding or budding from the surface of infected mesothelial cells were phagocytized while still enclosed with the plasma membrane by other mesothelial cells. This process, however, was found infrequently and occurred over a period of days in contrast to the rapid phagocytosis by guinea pig polymorphonuclear leukocytes (PMNs).
In a recent in vitro ultrastructural study (5), we described that R. tsutsugamushi, Gilliam strain, was frequently phagocytized within 30 min by PMNs. About half of the rickettsiae that were taken up by these cells were free in the host cell cytoplasm and were preferentially lo-232 RIKIHISA AND ITO calized in the glycogen-rich pools, whereas the remainder were still confined in phagosomes. Some rickettsiae in phagosomes with fragmented or disrupted limiting membranes were interpreted to be in the process of being released from the phagosomes into the host cell cytoplasm. It seems likely that rickettsial entry into these host cells is by phagocytosis and the escape from phagosomes occurs before or immediately after fusion with lysosomes. The present investigation was undertaken to test this hypothesis by using electron-dense tracer particles to label the sequential events of rickettsial phagocytosis and escape.
Specific questions which were asked in the present study were Polymorphonuclear leukocytes. Polymorphonuclear leukocytes were obtained from 350-to 400-g guinea pigs (Hartley Strain) after intraperitoneal inoculation of 2.4 g of sodium caseinate (Tokyo, Kasei., Ltd., Toyoshima, Tokyo) in 20 ml of 0.85% NaCl, as described by Sbarra and Karnovsky (6) . After 14 h, peritoneal fluid which contained 4 x 10' to 4 X 109 cells was withdrawn, and the PMNs were harvested and washed 3 times in ice-cold 0.85% NaCl by centrifugation at 500 x g for 3 min at 4VC and filtered through nylon mesh to remove fat cells. Before incubation with rickettsiae, PMNs were washed once with the incubation medium at 4VC.
Incubation of PMNs with rickettsiae and electron-dense markers. The incubation medium used for this study was a modification of the rubella medium (Flow Laboratories, Rockville, Md. The following markers which are recognizable by electron microscopy were used to follow the course of rickettsial uptake: (i) cationized ferritin (2 mg/ml; Miles Laboratories, Inc., Kankakee, Ill.); (ii) ferritin (5 mg/ml; twice recrystallized) from horse spleen (Calbiochem, San Diego, Calif.), which was further purified by four additional cycles of crystallization with CdSO4 and three cycles of precipitation with 50% saturated (NH4)2SO4, and the apoferritin was removed by three centrifugations at 100,000 x g for 3 h; (iii) colloidal thorium dioxide solution diluted 1:10 
RESULTS
Observations on the distribution of cationized ferritin, ferritin, thorium dioxide, carbon particles, latex spheres, paraffin oil, and E. coli when incubated with PMNs and R. tsutsugamushi-infected BHK-21 cells. (i) General observations. When pellets of heavily infected BHK-21 cells were examined by electron microscopy, most of the host cells contained at least a few rickettsiae, and some had hundreds in a sectioned profile of the cell (Fig. 1) . Intracellular rickettsiae were located directly in the cytoplasm of BHK-21 cells, and only rarely were rickettsiae enclosed within vacuoles. There was little evidence of a clear halo, capsule, or conspicuous slime coat on the rickettsial outer membrane and host cell cytoplasm. Most intracellular rickettsiae were localized in the central cytoplasm of the host cell, but some BHK-21 cells had rickettsiae that were located very near the cell surface, bulged from the surface (Fig. 1,  inset ), or projected from the cell on a thin stalk formed by the plasma membrane of the BHK-21 cell. The host cell membrane tightly enclosed the rickettsiae so that the thin rim of host cell cytoplasm was only 20 to 40 nm thick. Free extracellular rickettsiae still enclosed in an envelope of BHK-21 cell membrane were not observed. Even though serial sections were not made, all membrane-enclosed rickettsiae which appeared to be free from the host cell (Fig. 1,  inset) could be attributed to sectioned profiles of intracellular rickettsiae extending out from the host cell. Rickettsiae in the BHK-21 cells were often found undergoing binary fission. In addition to the intact infected BHK-21 cells, partially disrupted, degenerating host cells and numerous extracellular rickettsiae in various stages of autolysis were also present (Fig. 2) .
When infected BHK-21 cells were incubated with the PMNs, about 50% of the thin-sectioned PMNs were found to contain rickettsiae; the remainder were free of rickettsiae or contained so few that rickettsiae were not included in thin sections of the cell. Among the PMNs containing rickettsiae, about half of the microorganisms were free in the PMN cytoplasm in the glycogen area after 30 min of incubation, and the other half were still in the phagosomes. Rickettsiae still within phagosomes were divided almost equally between intact and degenerating forms ( Fig. 2 and 10 , Table 1 ).
There were distinct differences in the pattern of phagocytosis between intact, normal-appearing rickettsiae and those which were disrupted, lysed, or degenerating. Intact rickettsiae were phagocytized individually, enveloped in a tight vacuole with a space of about 20 to 40 nm around the rickettsiae. These phagosomes did not contain other phagocytized material. In contrast, disrupted rickettsiae were present singly or as groups in large, loose-fitting phagosomes which often contained cell debris.
Incubations of rickettsiae and PMNs with the electron-dense markers reduced the numbers of rickettsiae taken up by PMNs to fewer than half those found in incubations without tracers. None of the particles used seemed to alter rickettsial morphology or was found attached to the rickettsial outer membrane. The apparent viability of the microorganisms was not detectably altered by the tracers, except when E. coli was used. These bacteria reduced the pH of the medium during the incubations and caused many rickettsiae to be disrupted.
( Fig. 3 and 4) . Among this group, 65% of the phagocytized rickettsiae were intact and 29% were degenerating.
An unusual but consistent feature found only when ferritin or ThO2 was employed as a tracer was the presence of rickettsiae in PMN phagosomes that were enclosed within an additional membrane. These phagosomes had small (Fig.  3) to moderate (Fig. 4) amounts of the cytoplasm containing ribosomes which resembled BHK-21 cell cytoplasm. Ferritin particles were observed between the two membranes (Fig. 3, inset) like cationized ferritin. The thorium tracer was also present in most phagosomes containing intact rickettsiae (Fig. 5, Table 1 ). In these experiments, 86% of the rickettsiae in phagosomes were intact, and only 14% were degenerating. In the vicinity of rickettsiae that had apparently escaped from the phagosomes, membrane fragments still labeled with ThO2 were observed (Fig. 5, inset) . Occasional unattached ThO2 particles were found in the cytoplasmic matrix of PMNs.
Phagosomes containing ThO2 and intact rickettsiae accounted for 80% of the phagocytized rickettsiae (Table 1) . Of this population, 50 or 40% of the total number of rickettsiae were enveloped by a second membrane. As in the case when ferritin was used, the images were tentatively identified as rickettsiae that were in stalks or projections of the BHK-21 cell cytoplasm and phagocytized. Degenerating rickettsiae were never found in these phagosomes with enveloped rickettsiae.
(vi) Paraffin oil emulsified with bovine serum albumin, E. coli, and polystyrene latex. These large markers, which are about the size of rickettsiae, were incubated with infected BHK-21 cells and PMNs. The particles were phagocytized extensively by PMNs, but not into phagosomes containing intact rickettsiae (Fig. 6  and 7) . None of these tracers was found free in the cytoplasm of PMNs. However, some of these particles were found in the glycogen-containing autophagosomes. These autophagosomes occasionally contained degenerated R. tsutsugamushi but no intact rickettsiae (Fig. 8) . After incubation ofR. tsutsugamushi and ThO2 for I h, some rickettsiae were formed in close-fitting phagosomes containing ThO2. These phagosomes were in the filamentous regions rather than the glycogen areas (x45,000). Inset shows a rickettsia with a ruptured phagosomal membrane still labeled with ThO2 (arrow). Note the glycogen granules around the rickettsia. At the upper right, part of the ThO2-labeled plasma membrane is evident (x45,000).
of various sizes since the paraffin oil is not preserved during the embedding procedure. After 30 min of incubation, most of the paraffin oilcontaining phagosomes contained evidence of having fused with lysosomes since they contained dense lysosome-like material. This dense lysosomal substance was not observed in the phagosomes with intact rickettsiae (Fig. 6 ). Cationized ferritin, ThO2, and carbon incubated with PMNs followed by rickettsiae-infected BHK-21 cells. In this series of experiments, PMNs were first incubated with cationized ferritin, ThO2, or carbon particles for 1 h and thoroughly washed; then R. tsutsugamushi from infected BHK-21 cells were added. The ThO2 was found phagocytized in clusters of various sizes, but no intact rickettsiae were found in these phagosomes (Fig. 9) . When PMNs were incubated with a mixture of cationized ferritin and ThO2, the tracers were phagocytized, but when the cells were exposed to rickettsiae, there was no evidence of fusing with phagosomes containing intact rickettsiae (Fig.  10) . However, phagosomes containing degenerating rickettsiae were found with marker-containing phagosomes (Fig. 10) . Similar results were observed for carbon particle-preloaded PMNs (Fig. 10) . DISCUSSION Somewhat contrary to our initial expectations, the behavior of the different tracers used in this study varied markedly in uptake and distribution during the phagocytosis and escape of R. tsutsugamushi by PMNs. These differences appear to be due to the size and characteristics of each of the seven tracers used. However, an analysis of the findings indicates that there are patterns of events that provide some answers to the specific questions asked and additional in- Effect of tracers on phagocytosis. When electron-dense tracers were added to the incubation mixture of rickettsiae and PMNs simultaneously, the number of rickettsiae phagocytized by PMNs was reduced to fewer than onehalf of the number in tracerless control cells or in experiments in which the tracer and rickettsiae were added sequentially ( Fig. 9 and 10 ).
Although the reason for this reduction is not known and may vary for different tracers, the reduced uptake does not appear to be related to the capacity of phagocytosis of PMNs or competitive inhibition to the receptor, since preincubations of PMNs with these markers (Fig. 9 and 10) did not decrease the subsequent rickettsial uptake. A previous study (8) Total number of rickettsiae in 100 thin sections of PMNs (including nuclei) counted by electron microscopy. Rickettsiae were classified as intact or degenerated and whether they were in phagosomes or free in the cytoplasm. The outlined area designated "fusion" indicates the presence ofmarkers in the phagosomes with rickettsiae. Since the rickettsiae were added to the preparation after thorough washing of the PMNs, they were presumably taken up independently, and the presence of markers with rickettsiae is probably the result of phagosome fusion. The percentage of the sectioned profiles of PMNs containing rickettsiae were: controls, 48o; carbon particles, 43%0; cationized ferritin, 57%o; and ThO2 plus cationized ferritin, 57%o.
branes is suggested by the preincubation of PMNs with this tracer. Under these conditions phagocytized intact rickettsiae do not fuse with ThO2-containing phagosomes. Therefore, these membrane fragments are assumed to have originated from the original rickettsia-containing phagosome.
Fate of markers cophagocytized with rickettsiae. Most of the tracers used except ferritin and ThO2 were excluded from phagosomes containing intact rickettsiae. All tracers incorporated into phagosomes with disrupted rickettsiae and cellular debris remained confined in the phagosomes or autophagosomes containing glycogens throughout the incubation period. Therefore, the release of tracers into the cytoplasm appears to be related to the uptake and escape of viable rickettsiae from phagosomes.
Fusion (9) described the existence of direct entry and exit, or bidirectional traffic, of R. rickettsii into and out of cultured cells. The actual process was not described ultrastructurally, but it was implied that a process other than phagocytosis might be involved in "direct entry." In the present study, R. tsutsugamushi showed no signs of gaining entry into PMNs by means other than phagocytosis. Electron microscopy of numerous preparations failed to reveal rickettsiae directly penetrating the host cell plasma membrane. Extraphagosomal, free rickettsiae were not found in the filamentous ectoplasm subjacent to the cell membrane but were localized in the glycogen areas. Furthermore, when electron-dense tracers were found in the PMN cytoplasm, they were also present in the glycogen areas. When ferritin or ThO2 was used to label the surface of infected BHK-21 cells, the PMNs apparently recognized the plasma membrane protrusions on the BHK-21 cells which contained rickettsiae as phagocytizable objects. This uptake is fairly selective, since protrusions without rickettsiae were not phagocytized, and the amount of BHK-21 cytoplasm taken up was very limited. The BHK-21 cell plasma membrane where the rickettsiae protrude is in close opposition (-20 nm) with the rickettsial outer membrane, and it seems possible that there is some interaction. This may cause some change in the characteristics of the outer surface of the BHK-21 cell plasma membrane. Although ferritin and ThO2 bound uniformly to the plasma membrane of infected BHK-21 cells, the addition of ferritin particles allowed the PMN to distinguish this part of the BHK-21 cell.
All membranes of infected BHK-21 cells were labeled with both positively charged cationized ferritin and negatively charged ferritin. However, it is interesting to note that only the negatively charged ferritin caused the uptake of rickettsiae in cell projections. None of the rickettsiae in these protruding processes which were phagocytized by PMNs was released into the cytoplasm of PMN within the 1-h incubation period. Thus, this process does not seem to be the mechanism for the rapid entry of rickettsiae into the cytoplasm of PMNs. In an in situ study, Ewing et animals. There is a possibility that all the phagocytized rickettsiae still enclosed in the original host cell membrane may still be attached to the whole BHK-21 cell, but observations on many specimens indicate that most of these enclosed rickettsiae are completely separated from the original host cell. This study provides morphological evidence that viable rickettsiae are selectively phagocytized and phagosomes with intact rickettsiae do not fuse with secondary lysosomes. However, it is possible that rickettsiae may escape from phagolysosome during or immediately after lysosomal fusion. It is hoped that further work with this model system will help to clarify many aspects of how rickettsiae enter host cells. LITERATURE CITED
